This research investigated the feasibility of using cellular glass insulation waste as fine aggregate in concrete paving block production. The effect of mixing proportions of cellular glass insulation waste at 0-40 % by volume was studied. Results show that the amount of cellular glass waste can be used as a substitute for fine aggregate or sand up to 20 %. Concrete specimens tested for compressive strength were found to be within an acceptable range of the interlocking concrete block paving standard set by Thailand Industrial Standards Institute. The compressive strength at 28 d was 41.50 MPa, with density ranging from 2.18 to 2.20 g cm -3 . Thus, recycling of cellular glass wastes for concrete paving block production can reduce expenditures in purchasing natural aggregates and can minimize environmental impact attributed to solid waste disposal.
Introduction
Cellular glass is a lightweight and porous glass material, used for insulation of cold, hot and burned pipes for acoustic insulation [1] , as well as many industrial applications. Cellular glass is widely installed for cold insulation and cold storage, and any process or warehouse requiring cooling systems, for example in the food, petro-chemical and transport industries. Scheduled maintenance programs and accidental leakage are considered to be the main sources of this insulation waste. Insulation waste from the petrochemical industry is classified as hazardous waste since it is frequently contaminated with oils or chemicals. This waste is usually disposed of by landfilling, which is not an environmentalfriendly solution. Reuse/recycling of cellular glass waste is therefore considered a more sustainable approach in order to avoid environmental problems.
Traditional construction materials are produced from natural materials which have been continuously over-exploited. Manufacture of many construction materials also generate local air and water pollution. Production costs are increasing because of increasing demand, scarcity of raw materials, as well as the increasing cost of energy [2] . From the standpoint of energy saving and conservation of natural resources, use of alternative raw materials such as solid wastes in construction materials offers global benefits. Many types of solid wastes have been studied for thier utility in production of construction materials. Both hazardous and non-hazardous waste from various sources such as agriculture, industry and mining have potential for recycling in construction materials [3] . At present, there are several applications of solid waste based construction materials in real construction such as the use of fly ash and blast-furnace slag as components of concrete; rice husk ash and palm oil fuel ash for interlocking blocks, bottom ash and quarry waste for aggregates [4, 5, 6, 7, 8, 9] . Fly ash obtained from coal combustion is frequently used in concrete as a cost-effective substitute for portland cement. In addition, the pozzolanic properties of fly ash improve the strength of concrete. The level of fly ash in concrete typically ranges from 15% to 35% of total cementitious material, but a substitution level up to 70% is possible in construction of massive walls, girders, road bases, and dams [10] . GGBF slag, a by-product from iron and steel industry, can be utilized for making portland slag and supersulfated cements. The use of ground granulated blast-furnace slag with cement improves the microstructure, final strength, and durability of hardened concrete [11] . The level of GGBF slag usually ranges from 25% to 50%. Rice husk ash from burning of rice husks between 500 and 800°C possesses excellent pozzolanic activity due to its high surface area and high silica content. The use of rice husk ash improves the compressive, tensile and flexural strengths of concrete and also improves its corrosion resistance and freezethaw durability [12] . Quarry waste is a by-product from the crushing process of rocks. Quarry waste can be used as a substitute of sand in construction materials.
In recent years, the construction industry has steadily introduced initiatives to improve sustainability by increasing use of recycled and/or manufactured aggregates in concrete production [13] . Different types of insulation wastes have also been reported as possible recylable materials for substitution of fine and coarse aggregates or cementitious materials for concrete production. Insulation wastes have also been added in concrete for improving the quality and properties of concrete [14] . Several research works have been conducted to evaluate and investigate the potential of using insulation waste in concrete production. Cheng et al. showed that rock wool waste could partially replace fine and coarse aggregates in concrete [15] . Sengul et al. studied the use of perlite as a replacement for fine aggregates in making lightweight concrete [16] . Ma et al. studied the addition of ceramic wool in concrete to enhance its tensile properties [17] . However, no studies have yet been conducted on the use of recycled cellular glass insulation waste (CGIW) in concrete production. Therefore, the objective of this study was to investigate the ultimate compressive strength of concrete and the utility of cellular glass insulation waste as a component in interlocking concrete paving block production, as a substitute for fine aggregates and cementitious material.
Experimental program 1) Preparation of materials
The raw materials used in this study are cement, fine aggregate or sand, coarse aggregate or rock, water and cellular glass insulation waste (CGIW). The characteristics of each raw material are described below. Cement: The cement used was ordinary Portland cement in dry powder form, with typical chemical composition as listed in Table 1 . Portland cement compliant with ASTM C150 [18] was used for concrete production. Fine aggregate: Sand used in this study complied with the grading requirements of overall limits as specified in ASTM C33 [19] .
Coarse aggregate: Stone used in this study complied with ASTM C33 method [19] .
Cellular glass insulation waste: The CGIW used in this study was obtained from deterioration or debris demolition from a petrochemical plant as shown in Figure 1 . Prior to experimenttation, CGIW was crushed and grounded by a grinder. Figure 2 shows a micro-structure of CGIW. The structure revealed concave surface with many pores. The result of particle size distribution analysis of CGIW according to ASTM C136 method [20] is shown in Figure 3 . The result from sieve analysis of the cellular glass waste shows the size distribution ranging between 150 and 300 µm., which is similar to fine aggregates. The particles were passed through the sieve of 1.18 mm, which is found to be similar to sand size that is used in mortar mixes. The study was conducted to characterize the material using chemical composition analysis and x-ray fluorescence (XRF) analysis. The leaching toxicity characteristic of the cellular glass waste and concrete paving block were also determined by waste extraction test (WET) method [21] .
2) Mixing proportions
The concrete mix of cement, rock and sand was prepared with a ratio of 1:1:2. The water : cement ratio was kept constant at 0.5 for all specimens in this experiment. Cube samples were cast in metal moulds with a dimension of 50 x 50 x 50 mm. These samples were also used to determine the compressive strength in a wet curing method. CGIW was used to partially replace sand by 0%, 10%, 20%, 30% and 40% by volume. Table 2 shows the mixing proportions.
3) Specimens
A total of 250 specimens for 5 different mixes included 1 set of control and 4 sets of tested specimens having the CGIW amount of 10% -40% by volume of sand. After setting for 24 h, the specimens were removed from the moulds. All specimens were then cured in water at room temperature until testing. Five of them were prepared for each constituent proportion and curing condition and they were tested for compressive strength, density and water absorption at 7, 14, 28, 42 and 56 days. Data were reported by averaging result of 5 replicates. For concrete paving blocks, the optimum proportion obtained from the cube specimens experiment was used. The mixes were casted in the 110 mm x 65 mm x 250 mm moulds.
4) Testing methods
The specimens were cured for a certain period for a test of compressive strength according to TIS 827-2531 method [22] , and density and water absorption were tested by the ASTM 642 method [23] .
Result and discussion 1) Chemical composition of CGIW
The CGIW was characterized with high silicon oxide of 59.32% compared with sand, but the CGIW showed the less SiO 2 content. Table 3 presents comparison of chemical properties CGIW and the pozzolanic class set by ASTM C618 [24] . Table 4 lists the toxicity characteristic data of CGIW [21] . This indicates that CGIW is classified as hazardous waste because the concentration leachate of chromium exceeds the STLC standard by Notification of Ministry of Industry.
2) Effect of CGIW on compressive strength
Compressive strength of concrete can be represented by the performance of a concrete cube subjected to ultimate load. Figure 4 shows the result on compressive strength development of concrete paving block of curing for 7, 14, 28, 42, and 56 days. The compressive strength of the cement cube spacimens containing CGIW tended to increase with curing time. It was observed that compressive strength decreased with higher levels of CGIW substitution for sand in the concrete. The compressive strength of a specimen containing 10%-20% CGIW with the curing period of 28 days was found to be 42.8 and 41.5 Mpa. Compared with the control mortar, the specimens with 10% and 20% sand replacement had lower compressive strengths of 5.56% and 7.70%, respectively. The reduction in compreessive strength could be due to either the high water absorption of CGIW or its high content of sodium oxide (Na 2 O). The high amount of 18.43% Na 2 O is likely to affect the alkali-silica reaction in the compressive strength development of concrete [25] . Figure 5 plots the compressive strength versus percentage of CGIW replacement of sand in mortars. Compressive strength testing shows that the replacement of up to 10% of fine aggregate had a negligible effect on the strength of concrete paving block. It was observed that the specimens with 20% sand replacement had the 28-day compressive strength higher than the TIS 827-2531 standard of 40 Mpa. It can be concluded that CGIW could be replaced for sand up to a level of 20% with negligible loss in compressive strength Figure 4 Compressive strength development curves for concrete mix. 
3) Effect of CGIW on density and water absorption
The density of concrete paving block gradually decreased with increasing proportion of CGIW for all curing times. The density of concrete paving block containing 20% CGIW as sand replacement ranged between 2.18 and 2.20 g/cm 3 , whereas the control mix was 2.26 -2.28 g/cm 3 at for curing times of 7-56 days ( Figure 6 ).
The results emphasized that CGIW content could reduce the density of concrete paving block due to the replacement of lower density content in concrete. The reduction can reach up to 3.51-3.55% compared with the control mix. Figure 7 shows the test results of water absorption characteristics of concrete paving block. Water absorption rates tended to increase with increasing levels of CGIW replacement and curing time. According to Sengul et al. [16] an increase in water absorption will decrease the strength of concrete block paving. However, increasing the level of substitution of CGIW to 20% showed an insignificant effect on water absorption when compared with the control concrete paving block.
4) Effect of CIGW on concrete paving block properties
The optimum substitution level of fine aggregate with CGIW was found to be 20% by volume for production of concrete paving blocks. The concrete specimens with a ratio of cement: sand: rock of 1:1:2 and a ratio of sand: CGIW of 60:40 by volume were cast in metal moulds with a dimension of 110 mm x 65 mm x 250 mm. They were used for deter-mining the compressive strength, density and water absorption in a wet curing method at 28 days. The test results show that the compressive strength was 42.48 MPa, the density was 2.18 g/cm 3 and the water absorption was 4.62%. The results of material testing were found to be within the acceptable range of the interlocking concrete block paving standard set by Thailand Industrial Standards Institute.
5)
The toxiccity characterization of concrete paving block containing CGIW Table 5 presents TTLC and STLC results of the concrete paving block contained 20% CGIW replacement of sand. The leachate contained lower amounts of heavy metals than those regulated by the standard [21] . Therefore, the concrete paving block containing CGIW is not considered to be hazardous waste. Figure 8 shows the production of hydra-tion and pozzolanic reaction of 20% CGIW replacement of sand. It can be seen that the interior surface texture of CGIW is not homogeneous, but the CGIW has attached calcium silicate hydrate (CSH). This product was obtained from the hydration and pozzolanic reaction. 
6) SEM micrograph testing

Conclusions
Cellular glass insulation waste is shown to be a promising material for partially replacing typical fine aggregrate in concrete paving block production. Up to 20% by volume of CGIW was found to be optimal, causing no significant reduction in concrete strength. Testing of compressive strength of 41.50 MPa showed that concrete prepared with this optimal substitution level met the TIS 827-2531 standard. The density of concrete mixed with 20% CGIW sand replacement decreased by 4.39%, while water absorption increased by 11.37%. The waste extraction test of the concrete paving block containing CGIW showed no excessive leaching of heavy metals according to the standard for leachate. For the 110 mm x 65 mm x 250 mm concrete, the results of material testing were within the acceptable range for interlocking concrete paving block standard.
